Eriksson J, Dyverfeldt P, Engvall J, Bolger AF, Ebbers T, Carlhäll CJ. Quantification of presystolic blood flow organization and energetics in the human left ventricle. Am J Physiol Heart Circ Physiol 300: H2135-H2141, 2011. First published March 18, 2011 doi:10.1152/ajpheart.00993.2010.-Intracardiac blood flow patterns are potentially important to cardiac pumping efficiency. However, these complex flow patterns remain incompletely characterized both in health and disease. We hypothesized that normal left ventricular (LV) blood flow patterns would preferentially optimize a portion of the end-diastolic volume (LVEDV) for effective and rapid systolic ejection by virtue of location near and motion towards the LV outflow tract (LVOT). Three-dimensional cine velocity and morphological data were acquired in 12 healthy persons and 1 patient with dilated cardiomyopathy using MRI. A previously validated method was used for analysis in which the LVEDV was separated into four functional flow components based on the blood's locations at the beginning and end of the cardiac cycle. Each component's volume, kinetic energy (KE), site, direction, and linear momentum relative to the LVOT were calculated. Of the four components, the LV inflow that passes directly to outflow in a single cardiac cycle (Direct Flow) had the largest volume. At the time of isovolumic contraction, Direct Flow had the greatest amount of KE and the most favorable combination of distance, angle, and linear momentum relative to the LVOT. Atrial contraction boosted the late diastolic KE of the ejected components. We conclude that normal diastolic LV flow creates favorable conditions for ensuing ejection, defined by proximity and energetics, for the Direct Flow, and that atrial contraction augments the end-diastolic KE of the ejection volume. The correlation of Direct Flow characteristics with ejection efficiency might be a relevant investigative target in cardiac failure.
, in turn promoting further distortion in wall shape and function (21, 27) .
Previous studies have been based on velocity data recorded from two-dimensional (2-D) regions of interest (MRI) (16, 24) , single directional velocity components (Doppler ultrasound) (15, 22) , 2-D echocardiographic particle image velocimetry (12, 14) , or finite element numerical modeling of virtual LVs (25) . Three-dimensional, time-resolved phase contrast MRI (3DcinePC-MRI) has been used to provide comprehensive velocity data, free from planar constraint or sensitivity to direction, of the intrinsically three-dimensional and time-varying (3-D ϩ time ϭ 4-D) flow patterns within the beating heart (1, 9, 10, 26) . Investigations into the patterns and implications of flow through the cardiac chambers can inform persistent gaps in our understanding of flow aspects of cardiac physiology (2) , including improved preservation of LV inflow kinetic energy (KE) and efficient energy transfer between inflowing blood, myocardium and outflowing blood (16, 25) .
Accordingly, we hypothesized that a portion of the blood in the normal LV already at end diastole is prepared for effective and rapid ejection at systole. We addressed this hypothesis by quantifying the end-diastolic KE, linear momentum, position, and flow direction relative to the LV outflow tract (LVOT) for different functional portions of the total LV blood volume.
MATERIALS AND METHODS
Study population. Thirteen healthy subjects [mean age 44 (range 19 -62) yr] and one 43-yr-old patient with dilated cardiomyopathy (DCM) was included in the study (Table 1 ). All normal subjects had normal electrocardiographic and echocardiographic examinations, including normal parameters of systolic and diastolic function, and did not have a history of prior or current heart disease or use of cardiac medication. The DCM patient had moderately depressed LV systolic function by conventional echocardiographic parameters (LV ejection fraction 35%), severe dilation, and evidence of elevated LV filling pressures. All subjects and the patient were in sinus rhythm and had no valvular stenosis nor more than trace valvular regurgitation.
The study was approved by the regional Ethical Review Board. All subjects gave written informed consent before participation.
Data acquisition. The study population underwent MRI examination, in which 4-D flow and 2-D cine morphological data were acquired. To characterize the subjects with a more conventional modality, all subjects underwent an echocardiographic examination as well.
The 4-D flow data were acquired during free breathing using a navigator-gated 3DcinePC-MRI sequence on a 1.5 T Philips Achieva scanner (Philips Healthcare; Best, The Netherlands). The acquisition and postprocessing of these 4-D flow data were performed as described previously (7, 9) . Scan parameters included the following: VENC ϭ 100 cm/s, flip angle ϭ 8°, echo time ϭ 3.7 ms, repetition time ϭ 6.3 ms, parallel imaging (SENSE) speed-up factor ϭ 2, and k-space segmentation factor ϭ 2. The VENC was set slightly above normal inflow velocities to optimize velocity-to-noise ratio without excessive phase wraps. The spatial resolution was 3 ϫ 3 ϫ 3 mm 3 , and the field-of-view was adjusted for each subject to cover the left heart. These scan parameters resulted in a temporal resolution of 50 ms. Scan time was ϳ10 -15 min excluding the navigator efficiency. Following the 3DcinePC-MRI acquisition, the flow data were reconstructed into 40 time frames. After postprocessing, where corrections were made for concomitant gradient fields, phase wraps, and background phase errors, data quality control was made as in (9) . Twelve of the 13 healthy subjects' data sets and the patient data set passed this quality control. In the one that did not pass, it was obvious that the subject had moved during the examination. This data set was excluded, and thus the results of the study are based on 12 healthy subjects.
Morphological two, three-, and four-chamber long-axis and the stack of short-axis images were acquired using cine balanced steadystate free-precession. The images were acquired in 30 time frames during end-expiratory breath holds. Slice thickness was 8 mm. Acquired and reconstructed pixel size for the short-axis images was 2.19 ϫ 1.78 and 1.37 ϫ 1.37 mm 2 , respectively. Echocardiography was performed using a Vivid 7 scanner and a 2.0-MHz probe (GE, Vingmed Ultrasound, Horten, Norway).
Data analysis. All data sets were analyzed using a previously validated analysis method (9) . In short, this method consists of segmenting the LV based on the short-axis images at two points in time: isovolumetric contraction (IVC) and isovolumetric relaxation (IVR). The segmentation was performed using freely available software (Segment) (11) . The IVC segmentation volume is resampled to isotropic voxels matching the resolution of the 3DcinePC data. With the use of the 3DcinePC data, pathlines are emitted from the center of each voxel of the segmented IVC volume. These pathlines are traced both forwards in time (covering systole) and backwards in time (covering diastole). In this way, the complete cardiac cycle is covered and all blood involved in one cardiac cycle in the LV is considered. The IVR segmentation volume is used to define pathlines that remain inside the ventricle at the time of IVR. By combining results from diastole and systole, the pathlines are divided into four different components (Fig. 1A ) (9) : Direct Flow: blood that enters the LV during diastole and leaves the LV during systole in the analyzed heart beat; Retained Inflow: blood that enters the LV during diastole but does not leave during systole in the analyzed heart beat; Delayed Ejection Flow: blood that starts and resides inside the LV during diastole and leaves during systole in the analyzed heart beat; and Residual Volume: blood that resides within the LV for at least two cardiac cycles.
In the present study this method was expanded. The inflow components, i.e., Direct Flow and Retained Inflow, were further divided into early and late inflow. This was achieved by dividing diastole into two phases, early inflow until mid-diastasis and mid-diastasis until end of diastole. The time of mid-diastasis was defined visually as the time frame at which the least amount of pathlines crossed the mitral valve plane. Pathlines were automatically divided into early and late inflow, defined as pathlines entering the LV before and after middiastasis, respectively.
Each pathline represents a specific volume of blood defined by the density of the emitter grid for the pathlines, here chosen identical to the resolution of the flow data; this is combined with the density of blood ( blood ϭ 1,060 kg/m 3 ) to calculate the KE and linear momentum for the entire LV blood volume, as well as for the individual components of flow. The KE for each pathline is calculated at every point in time by KE ϭ ½·blood·Vpathline·v pathline 2 , where Vpathline is the volume that one pathline represents and v pathline is the velocity of the pathline at a given point in time. Each component's KE is the sum of the KE for each of its pathlines.
To study the position of the blood flow relative to the LVOT at the time of IVC, a vector, d, representing the shortest distance between each pathline and the center of the LVOT was calculated according to [ 
where (x v, yv, zv) is the position of the pathline and (xLVOT, yLVOT, z LVOT) is the position of the LVOT center (Fig. 1B ). This distance was calculated for each pathline according to Distance ϭ
The Distance will be presented as the mean Distance for all traces of each component. The center point of the LVOT was defined by manually positioning a plane at the LVOT. This plane was positioned so that its normal vector was parallel to the pathlines that transit the LVOT during systole and sized according to the velocity data.
The Angle between d and a pathline's velocity vector was calculated for each trace at the time of IVC. The Angle, , was calculated for each pathline and point in time by 
where v is the velocity vector and d is the vector between the pathline position and the center of LVOT (Fig. 1B) . This gives an absolute angle in the range 0 -180°.
The linear momentum was calculated for each pathline using the velocity, density of blood, and the volume represented by each pathline. To have a reference direction the Angle, is used (Fig. 1B) . Hence, the momentum for each pathline is calculated as M pathline ϭ | blood· Vvoxel·cos·vpathline | . Further if:
For each component, all pathlines' momentum was accumulated to give a component-specific sum. Consequently, the momentum presented is each component's linear momentum towards the center of the LVOT.
Note that all these parameters are all extracted from the data obtained in the pathline analysis, which has previously been demonstrated to have a high inter-and intraobserver reproducibility (9) .
Statistical evaluation. All values are given as group means Ϯ 1SD unless otherwise specified.
For intercomponent comparison (volume in percentage of EDV, KE, linear momentum, Angle, and Distance), a two-way ANOVA with the Tukey post hoc test for multiple comparisons was used (20) . In all Tukey's tests, a P value Ͻ0.05 was considered significant.
For comparisons within the inflow components (late vs. early filling) a two-tailed paired t-test was used, these were Bonferroni adjusted to get a simultaneous confidence level of 0.05 (20) . Hence, in these tests, a P value Ͻ0.025 was considered significant.
The software used for all statistical analysis in this study was Minitab (v. 15.1.31.0).
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
RESULTS
Flow components. The intracardiac LV blood flow was divided into the four components: Direct Flow, Retained Inflow, Delayed Ejection Flow, and Residual Volume (Fig. 2) . The multiple comparison tests following the ANOVA showed that the volume of Direct Flow was significantly larger than the three other components and that there was no significant difference between Retained Inflow and Delayed Ejection Flow volumes. The latter shows that there was no significant difference between inflow and outflow (77 Ϯ 17 vs. 76 Ϯ 16 ml; P ϭ 0.75). The data also showed that the Residual Volume was significantly larger than either the Retained Inflow or the Delayed Ejection Flow (P values and means Ϯ SD are given in Table 2 ). All four components were visualized in all subjects ( Figs. 3 and 4 ; see Supplemental Movie S1; Supplemental Material for this article is available online at the Am J Physiol Heart Circ Physiol website).
KE. KE was calculated for every component over the entire cardiac cycle. Figure 5A shows the KE over time for each component in a representative normal heart. Note the large decrease in KE during the period of diastasis. Figure 6 shows the KE over time for the Direct Flow component for all 12 subjects normalized to their heart rate. At the time of IVC, the Direct Flow component possessed a significantly larger amount of KE than Retained Inflow, Delayed Ejection Flow, and Residual Volume. The Residual Volume had less KE than Retained Inflow or Delayed Ejection Flow (Table 2) .
Distance. The mean Distance was calculated for each component. At time of IVC, the Direct Flow was located significantly closer to the LVOT than the Retained Inflow, Delayed Ejection Flow, or Residual Volume. Retained Inflow had a significantly larger Distance than Delayed Ejection Flow and a significantly smaller Distance than Residual Volume. P values and means Ϯ SD are given in Table 2 .
Angle. The mean Angle was calculated for each component. The Angle was smallest for the components contributing to ejection, and of these the Angle for Delayed Ejection Flow was significantly smaller than for Direct Flow. The nonejected components had larger Angles than the ejected components, and the Retained Inflow had a significantly larger Angle than the Residual Volume (means Ϯ SD and P values are given in Table 2 ).
Linear momentum. The linear momentum was calculated for each component. At the time of IVC, the linear momentum possessed by the ejecting components Direct Flow and Delayed Ejection Flow was similar and significantly greater than the momentum of the nonejected components Retained Inflow and Residual Volume. The linear momentum of the Retained Inflow was similar in amount but opposite in direction to the ejecting components. In absolute terms discounting direction, the linear momentum of the Residual Volume was the least of all the components (means Ϯ SD and P values are given in Table 2 ).
Early vs. late diastolic inflow. LV inflow was divided into early and late diastolic portions to investigate the influence of atrial contraction ( Fig. 2 ; means Ϯ SD and P values are given in Table 3 ). Late inflow comprised 39 Ϯ 4% of the diastolic phase.
Both early and late inflow volume was predominantly Direct Flow. Equal amounts of Direct Flow entered the LV during early and late phases; the Retained Inflow volume was greater for early than for late diastole.
For all inflow, the Distance of the early inflow was significantly larger and the Angle significantly smaller compared with the late inflow. For all inflow, end-diastolic KE was higher for late compared with early inflow.
At the time of IVC, only the early Direct Flow portion was moving towards the LVOT. As a result, its linear momentum was significantly larger than the rest of the inflow (late Direct Flow and both early and late Retained Inflow), which was moving away from the LVOT at that time (Table 3 ; Supplemental Movie S2).
DCM patient. The preliminary results from the analysis of the patient data set are presented in Table 4 . Supplemental Movies S3 and S4 show the LV flow patterns. Figure 5B shows the KE over diastole for each flow component. At time of IVC, the Direct Flow appeared to possess a smaller amount of KE than the other three components. Compared with the normal subjects, the late-diastolic peak in KE for the Direct Flow is diminished, and there is an overall increase in KE for the noninflow components (Residual Volume and Delayed Ejection Flow), throughout diastole. The proportion of the Direct Flow component appeared to be smaller than the other three components (table 4) .
DISCUSSION
The present study shows that of the blood within the normal LV at end diastole, the portion that will leave the LV in systole is not only better positioned with respect to the LVOT at IVC, but also possesses a higher KE and momentum towards the LVOT. The subset of LV inflow that passes directly to ejection (Direct Flow component) constitutes the largest part of the EDV and demonstrates more advantageous characteristics for subsequent ejection compared with the other flow components. Specifically, by the time of IVC the Direct Flow 1) possesses the largest amount of KE, 2) has the shortest Distance to the LVOT, 3) is moving in a direction with an Angle relative to the LVOT that was smaller than the nonejecting components, and 4) possesses a larger amount of linear momentum directed toward the LVOT than the nonejecting components.
Atrial contraction in late diastole contributes KE via the late inflow, and this appears to be preferentially preserved by the Direct Flow compared with the Retained Inflow (Table 3) , Interestingly, the KE-boosted late Direct Flow is still not moving towards the LVOT at IVC, with a negative linear momentum and an Angle Ͼ90°. This rapidly moving portion of the late inflow seems to make an acute turn in the basal half of the ventricle as it moves towards ejection. The late diastolic boost in KE can also be observed in the Delayed Ejection Flow, presumably resulting from transfer of energy from the inflow components and possibly augmenting its presystolic preparation for ejection. The impact of the KE at end diastole is uncertain; at the time of IVC, the Direct Flow KE was ϳ0.6 mJ and the KE of the total LV blood volume was about 0.9 mJ. This amount of KE is low (approximately one-thousandth) compared with the work performed by the LV during systolic ejection (between 0.8 -1 J) (18, 25) . Whether or not it is relevant from an ejection work perspective, the preserved KE in end diastole may have other beneficial effects. In an experimental model, Rodriguez et al. (23) observed a presystolic increase in the regional volume of the LVOT and concluded that this change could prime the aortic valve for ejection. They suggested that this was caused by the intraventricular blood acting as a coupling link between myocardial and valvular structures.
The functional flow components demonstrated a characteristic distribution inside the LV, reflected by the Distance relative the center of LVOT. The Direct Flow was located closest to the LVOT, with the late inflow being closest (Table  3) . This pattern was also observed by Bolger et al. (1) by looking at pathlengths for the Direct Flow component. The Direct Flow shared proximity to the LVOT with the Delayed Ejection Flow; both of these ejecting components were positioned along the anteroseptum by end diastole. In contrast, the nonejecting components of Retained Inflow and Residual Volume were positioned further from the outflow region and more postero-laterally and apically, respectively. Another intriguing aspect of flow distribution seen here is that blood from early inflow proceeds further into the LV cavity than the later inflow. This agrees with finding from previous studies using MRI (1) and 2-D echocardiographic particle imaging velocimetry (12) . This distribution was particularly true for the Retained Inflow (Table 3 and Supplemental Movies S1 and S2), which seems to fill the more apical chamber, possibly providing potential energy in the form of increased intracavitary pressure. Ebbers et al. (8) studied relative pressure gradients in the left heart and demonstrated that a zone of higher relative pressure shifts from the atrium to the ventricular apex during early filling. The KE of the early inflow blood decreases during diastasis, concordant with that finding (Figs. 5 and 6) . A decrease of KE does not necessarily mean dissipation of energy, however, as some may be transferred to elastic potential energy in the LV myocardium. Alterations in LV myocardial properties such as impaired relaxation and increased stiffness associated with hypertrophy, or asynchronous contraction, may also influence LV blood flow organization.
Based on the preliminary data from the heart failure patient included in this study, it appears that the relative volume of Direct Flow is diminished and that the preservation of KE possessed by inflow blood during diastole is smaller compared with the healthy subjects. Of note, one of the healthy subjects was a recreational endurance athlete. This subject had a mildly dilated LV and almost the same heart rate as the patient. Interestingly, the relative volume and end-diastolic KE of the Direct Flow for this healthy individual appear to be larger than the group mean (43 vs 37 Ϯ 5% and 0.82 vs 0.55 Ϯ 0.16 mJ, respectively), whereas the same parameters for the patient appear to be much smaller than the group mean (9 vs. 37 Ϯ 5% and 0.19 vs. 0.55 Ϯ 0.16 mJ, respectively; Tables 2 and 4) .
Further studies will be required to determine whether the relative volume and energetics of Direct Flow may serve as a marker for normal and impaired LV function. Increased Direct Flow or improved inflow KE preservation might correlate with clinical improvements due to medical, pacing, or surgical therapies. Increased Direct Flow could also be a sign of compensation in aging or diseases such as arterial hypertension, which are associated with more pronounced atrial contraction. A subsequent decrease could be a sign of noncompensation and reflect the severity of the dysfunction. The impact of atrial contraction on flow distribution and presystolic preparation may underscore the impact of the loss of organized atrial contraction. Finally, the ability to assess the characteristics of the Residual Volume may allow assessment of the regional washout of LV blood with implications for the risk of ventricular thrombus formation.
Limitations. The accuracy of 4-D PC-MRI flow data may be degraded by, for example, eddy currents and concomitant gradient fields; the effects of these sources of error were minimized by tailored postprocessing. Meticulous attention to quality control of the postprocessed data was fundamental in this study and included careful observation for evidence of aberrant pathlines that indicate data imperfections (9) . With tailored approaches to data quality screening, aberrant pathlines can be detected as well as distinguished from abnormal flow. There was no significant difference between calculated LV inflow and outflow volumes, which is a sensitive quality indicator for both the data and the analysis method.
The linear momentum calculated in this study represents a first attempt towards an improved understanding of the important concept of linear momentum of LV blood. The present approach is based on the vector component parallel to the d vector, rather than the true maximal velocity of the pathlines to acquire a reference direction. We found this to be a graspable first approach to intraventricular linear momentum of blood. The present findings relate only to healthy subjects in sinus rhythm with normal valvular function. It is reasonable to believe that altered rhythm or valvular stenosis and regurgitation may influence the results. The MRI data were acquired at rest. Different flow organization and energetics may be present under stress with higher heart rates; further studies have been initiated to assess the influence of variability in heart rate and loading conditions.
Conclusions. Different functional components of normal diastolic LV blood flow demonstrate different levels of kinetic energy preservation and preparation for systolic ejection. Of the four components studied, the total Direct Flow demonstrated the most advantageous combination of position, linear momentum, and energetics. The portion of Direct Flow entering the LV in late diastole achieved ejection despite its enddiastolic movement away from the LVOT and its requirement for turning in the ventricle during the ejection phase. The KE contribution of the atrial contraction preferentially affected the ejecting portions of LV volume. These measurable parameters may reflect the impact of dynamic intraventricular flow on ventricular performance. The correlation of Direct Flow characteristics with ejection efficiency might be a relevant investigative target in cardiac failure.
